Abstract -This paper presents a control scheme and comprehensive analysis for a UPFC (unified power flow controller), on the basis of theory, computer simulation and experiment. This developed theoretical analysis reveals that a conventional power-feedback control scheme makes the UPFC induce power swings in transient states. The conventional control scheme has no capability of damping power swings, so the time constant of damping is independent of active and reactive power feedback gains integrated in its control circuit. This paper proposes a generalized control scheme which is characterized by successfully damping power swings in transient states. Experimental results obtained from a 10-kVA laboratory setup agree well with both analytical and simulated results. Moreover, it is shown that the proposed control scheme is viable and effective in damping of power swings in transient states.
I. INTRODUCTION
In recent years, environment, right-of-way, and cost concerns have delayed the construction of both power stations and new transmission lines, while the demand for electronic energy has continued to grow in many countries. This situation has spurred interest in providing already existing power systems with greater operating flexibility and better utilization. The FACTS (flexible ac transmission systems) concept [l] , based on applying leading edge power electronics technology to existing ac transmission systems, improves stability to increase usable power transmission capacity to its thermal limit. A UPFC (unified power flow controller) [1]- [7] , which is one of the most promising devices in the FACTS concept, has the potential of power flow control and/or voltage stability in power transmission systems .
Little literature has been published on theoretical analysis in transient states, although not only feasibility studies but also practical implementation of the UPFC are presently under way. Undeland, et. al., have proposed a control scheme for the UPFC, with the focus on dynamic as well as static performance [4] . This control scheme, named "cross-coupling control," adjusts the q-axis voltage v, to control the d-axis current id and the d-axis voltage vd to control the q-axis current i,. Computer simulation and experimental results with emphasis on dynamic performance have been shown in [4] , but theoretical analysis would not be enough to support the experimental results.
This paper presents a control scheme and comprehensive analysis for a UPFC on the basis of theory, computer simulation and experiment. This developed theoretical analysis reveals that a conventional power-feedback control scheme makes the UPFC induce power swings in transient states. The conventional power-feedback control scheme has no capability of damping power swings, so the time constant of damping is independent of active and reactive power feedback gains integrateld in its control circuit. This paper proposes a generalized control scheme which is characterized by successfully damping power swings in transient states. The proposed control scheme makes the UPFC act as a "damping resistance" against power swings in transient states. This stems from the concept that the series active filter proposed in [8] has the function of harmonic damping. Experimental results obtained from a 10-kVA laboratory setup agree with both analytical and simulated results. Moreover, it is shown that the proposed control scheme is viable and effective in damping power swings in transient states. Fig. 1 shows a basic configuration of a UPFC, which is installed between the sending-end Vs and the receivingend VR. The UPFC consists of a combination of a series device and a shunt device, the dc terminals of which are connected to a common tlc link capacitor. The series device acts as a controllable voltage source Vc, whereas the shunt device acts as a controllable current source IC. The main purpose of the shunt device is to regulate the dc link voltage by adjusting the amount of active power drawn from the transmission line. In addition, the shunt device has the capability of controlling reactive power. In the following discussion, the shunt device is disregarded because the current flowing into the shunt device, IC is not as large where K p [VIA] is an active power feedback gain, and 2 : and i : are active and reactive reference currents, respectively. Then the phase angle between VM and V s , 6 can be controlled by VQ as follows:
BASIC CONFIGURATION OF A UPFC
gle S. As a result, the cross-coupling control enables us to achieve both active and reactive power control. On the d-q frame coordinates, the q-axis current i, corresponds to reactive power and so it can be controlled by W C d . Therefore, the reference voltage vector of the series device is given by
where Kp [VIA] is a reactive power feedback gain.
The phase-angle and cross-coupling control schemes appear to be based on space vectors. However, both control schemes may not render good dynamic performance, because their control concept comes not from space vectors but from phaser vectors. The series device injects a q-axis voltage to control the d-axis current or the active power in both control schemes. The q-axis voltage, however, induces the q-axis current to flow in transient state. Therefore, the active power flow control is accompanied by the reactive power flow control even though either control scheme provides instantaneous voltage references.
IV. GENERALIZED CONTROL SCHEME AND TRANSIENT ANALYSIS

A. Generalized Control Scheme
This paper proposes a "generalized control scheme." The reference voltage vector for the series device, v; is generalized, as follows:
Note that the proposed control scheme comprehends the phaseangle and cross-coupling control schemes, so that the proposed control scheme can be considered a generalized control scheme for the UPFC. The scheme has two additional terms with a gain K,. A voltage vector produced by the two terms is in phase with the current error vector i*-i. This means that the UPFC acts as a damping resistor against power swings.
B. Transient analysis
The following assumptions are made in transient analysis:
1. The sending-end voltage vs is equal to the receivingend voltage VR, and they are three-phase balanced sinusoidal voltage sources.
2.
The series device is assumed to be an ideal controllable voltage source. Therefore, the output voltage wc is equal to its reference vT;.
Invoking the first assumption yields vs as follows:
cos wot
where Vs is an rms voltage at the sending-end, and WO is a supply angular frequency. The equivalent circuit shown in Fig. 2 provides the following equation:
Applying the d-q transformation to (5) and (6) leads to In the experimental system, therefore, gain K, is set to 1.2 fsw =1 lcHz 
VI. SIMULATED AND EXPERIMENTAL RESULTS
Figs. 6 -9 show simulated and experimental waveforms for a step change in the active power reference p". Table 2 shows experimental and theoretical values of damping factor <, power swing frequency w and damping time constant uc are measured through a low pass filter with a cut-off which is superior to that of the conventional control schemes. The proposed control scheme has the capability of damping power swings and improving transient characteristics. However, significant steady-state errors exist in p and q because K p and Kq include no integral gain. Fig. 9 shows waveforms in the case of the proposed control scheme with propolrtional and integral (PI) gains for K p and K,. The integr<al gain is set to TI = 5 ms, so that the steady-state errors are removed from p and q. Note that addition of the integral gain has no effect on damping of power swings.
VII. CONCLUSION
This paper has proposed a generalized control scheme for the UPFC, along with a comprehensive analysis. The experimental results obtained from the laboratory system rated at 10 kVA has slhown concurrence with analytical ones. This paper has revealed the following essentials: 
